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Abstract. It has been well demonstrated that the impact loading resistance capacity 
of the concrete material can be effectively increased by adding fibres. Recent studies 
proved that compared to other conventional steel fibres, using steel fibres with spiral 
shape further increases the post-failure energy absorption and crack stopping 
capacities of concrete because of the better bonds in the concrete matrix and larger 
deformation ability. The present study conducts high rate impact tests using split 
Hopkinson pressure bar (SHPB) to further investigate the dynamic compressive 
properties of spiral fibre reinforced concrete (SFRC). SFRC specimens with different 
volume fractions of fibres ranging from zero to 1.5% are prepared and tested. The 
influences of different volume fractions of fibres on strength, stress-strain relation 
and energy absorption of SFRC specimens under quasi-static and dynamic loadings 
are studied. In SHPB compression tests, the strain rate achieved ranges from 50 1/s 
to 200 1/s. High speed camera is used to capture the failure processes and failure 
modes of SFRC specimens with different fibre volume fractions during the tests for 
comparison. Dynamic stress-strain curves under different strain rates are derived. 
The energy absorption capacities of the tested specimens are obtained and 
compared. Strain rate effects on the compressive strength are also discussed. The 
corresponding empirical DIF (dynamic increase factor) relations for SFRC are 
proposed. 
1 INTRODUCTION 
Fibre reinforced concrete (FRC) has been more and more commonly used in constructions of high-
rise buildings or critical protective structures because adding fibres into concrete matrix effectively 
increases the ductility and the impact energy absorption capability. It was found that increasing fibre 
strength increased the strength, ductility and post-cracking behaviour of SFRC because high-strength 
fibres prevented the rupture and the damage mode was primarily debonding of the fibres from the 
cement matrix
1
. The finding was consistent with the observations from laboratory tests that 
considered three types of polymer fibres and straight flat-ended steel fibres
2, 3
, in which authors found 
that under both static and low-rate impact load, the predominant failure mode was the steel fibre pull-
out, resulting in poor post-cracking and energy absorption capability. Although most studies indicated 
that fibre addition significantly improves the impact and dynamic loading resistance capacity of 
                                                 
†
 Faculty of Science, Engineering and Built Environment, Deakin University, Australia 
343
Yifei Hao, Hong Hao and Ying Wang 
   
concrete, Li et al. found that fibre addition had limited effect on the impact resistance of the materials
4
, 
which is inconsistent with the findings in Refs. [2, 3]. The possible reason is that rather short fibres 
(about 10 to 15 mm long) were used in Ref. [4], which made the fibres vulnerable to debonding under 
impact loading, and the debonded fibres became ineffective to resist impact loads. The test results
5
 
indicated that the tensile strength and fracture toughness of SFRC increased with steel fibre volume 
and fibre length because more and longer fibres are more efficient in arresting cracking. Considering 
steel fibres with various geometries, e.g. paddle, crimped and hooked, Swamy and Jojagha 
conducted repeated drop-weight tests with a 4.54 kg hammer dropping from a 457-mm height
6
. They 
found that with a fibre volume of 1.0%, substantial increases in impact strength and energy absorption 
of SFRC could be achieved over those of plain concrete.  
 
From review of the above studies, it can be noted that the fibre strength, geometry and 
deformability are key factors for effective improvement in strength, ductility and energy absorption 
capability of concrete material. In a recent study, Xu et al. carried out drop-weight experimental tests 
on concrete specimens reinforced with 7 different types of fibres. Their test results demonstrated that 
FRC with spiral-shaped steel fibres outperformed other 6 fibre types in terms of the impact loading 
resistance capacity, ultimate compressive strength, post-failure strength and energy absorption 
capability
7
, because the spiral fibre has a three dimensional anchorage bond in the concrete matrix 
due to the fibre shape and better mechanical component of bond due to fibre deformation under 
impact. It should be noted that in the test reported in Ref. [7], SFRC specimens were impacted using 
drop-weight apparatus, which covered a relatively small range of strain rates. In addition, only 1.0% 
volume fraction of spiral fibres was considered in Ref. [7]. Therefore for a better understanding, further 
study of the dynamic properties of spiral SFRC material under a wider range of strain rates with 
different fibre volume fractions is deemed necessary. In the present study, a series of tests were 
conducted to study the mechanical properties of SFRC materials mixed with spiral fibres. Quasi-static 
compressive and splitting tensile tests and dynamic compressive tests were carried out using Baldwin 
Hydraulic Machine and split Hopkinson pressure bar (SHPB) system, respectively. All specimens 
tested are designed to have dimensions of Ø7537.5 mm (L/D ratio equal to 0.5), which is suggested 
to eliminate the axial inertia effect in high-speed impact tests
8
. Grease was evenly spread at both 
ends of all specimens in order to minimize the end friction confinement due to specimen-apparatus 
interaction. The full length of spiral fibres ranges from 30 to 40 mm while the diameter is 0.5 mm. 
Different volume fractions of fibres, namely 0.0% (plain concrete), 0.5%, 1.0% and 1.5%, are 
considered. The influences of different volume fractions of fibres on strength, stress-strain relation and 
energy absorption of SFRC specimens under quasi-static loadings are studied. It is found that 
generally the compressive and tensile strengths, the ductility ratio, the post-peak load-carrying 
capacity, and the capability of energy absorption of SFRC specimens under static loads can be 
substantially enhanced by increasing the volume fraction of fibre addition. For the dynamic 
compression tests, the strain rate achieved by SHPB tests ranges from 50 1/s to 200 1/s. The stress 
equilibrium is examined. The failure patterns of SFRC specimens with different fibre volume fractions 
are compared. Dynamic stress-strain curves under different strain rates are derived. The energy 
absorption capabilities of the tested specimens are obtained and compared. Rate effects on the 
compressive strength are also discussed. It is found that the higher is the volume fraction of spiral 
fibre in the SFRC mixture, the more significant is the rate sensitivity of the SFRC material. Empirical 
DIF (dynamic increase factor) relations for the compressive strength for SFRC materials as a function 
of fibre volume fraction are also proposed. 
2 EXPERIMENTAL PROGRAM 
2.1 Mixture of specimens 
The dimension of all tested cylindrical specimens is Ø75-37.5 mm. The spiral fibre added in the 
concrete mix is shown in Fig. 1. The diameter and full length of the fibre is 0.5 mm and 35 mm, 
respectively. The nominal length of each fibre is around 15 mm. It should be noted that ideally, the 
specimen size should be around three to four times the size of each constituent in a composite 
material. The reasons of selecting the fibre and specimen sizes are: 1) if the specimen size is too 
large, it is very difficult to achieve stress uniformity under dynamic impact loading, therefore the 
material properties at relatively high strain rate could not be obtained; and 2) if the fibre length is too 
short, its effectiveness in increasing the material ductility, post yielding crack stopping, etc. could not 
be fully achieved. Therefore the specimen size is 2.5 times the fibre nominal length, a compromise for 
achieving higher strain rates and effective contribution of fibres in the post-peak behaviour. 
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 Figure 
The details of the mixtures are given in Table 1. The mixes were placed into Ø75
tubes and cured for 28 days. After that, the concrete tubes were cut into Ø75
smoothened at both ends, dried and tested. In the present study, 94 specimens were tested including 
10 specimens for quasi-static compressive tests, 12 specimens for quasi
and 72 specimens for SHPB test
 
Mixes 
Water to 
cement 
ratio 
Fibre 
volume 
fraction 
Concrete 0.48 - 
0.5% 0.48 0.5% 
1.0% 0.48 1.0% 
1.5% 0.48 1.5% 
2.2 Quasi-static tests 
The quasi-static compressive and splitting tensile tests were conducted using a hydraulic machine. 
The vertical load and displacement versus time on the specimen were recorded. For the splitting 
tensile tests, two laser linear variable differential transfo
tested specimen to record the crack opening displacement
apparatus interfaces to minimize the influence from end frictions. It should be noted that the 
compressive strength and Young’s modulus are obtained from testing the Ø75
instead of the Ø100-200 mm standard specimens. The reason for using the same specimen size in 
both static and dynamic tests is to maintain the consistency in order to derive the more rel
dynamic material properties such as the dynamic increase factor (DIF), which is a ratio of dynamic 
strength to static strength. Using the same specimen size in both static and dynamic tests is a 
common approach in testing the dynamic material propert
2.3 Dynamic compressive tests
The dynamic compressive tests were conducted using SHPB test system. The SHPB setup is 
shown in Fig. 2. Both pressure bars have the same dimension Ø75
attached at the centres of the pressure bars. The bars are made of stainless steel with Young’s 
modulus 200 GPa, density 7800 kg/m
tapered impact ram
11
 was used as the striker bar. Using such a projectile has been demonstrated to 
be able to initiate a half-sine loading waveform, and can eliminate violent wave oscillation and 
dispersion in SHPB tests with large
reduction of the length of the input bar.
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1: Spiral fibre used in the concrete mix 
-static splitting tensile test
s. 
Mix proportion (kg/m
3
) 
Water Cement 
10 mm 
aggregates 
7 mm 
aggregates 
205 426 444 306 
205 426 444 306 
205 426 444 306 
205 426 444 306 
Table 1: Mixture proportions 
rmers (LVDT) were placed at both sides of the 
. Grease was applied on the specimen
ies
9, 10
. 
 
-2000 mm. Strain gauges are 
3
, elastic wave velocity 5064 m/s, and Poison’s 
-diameter pressure bars. Moreover, it permits a significant 
 
Figure 2: SHPB test system 
-500 mm PVC 
-37.5 mm cylinders, 
s, 
Minus 4 mm 
aggregates Sand 
130 843 
130 843 
130 843 
130 843 
-
-35 mm specimens, 
iable 
ratio 0.3. A 
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3 TEST RESULTS AND OBSERVATIONS 
3.1 Quasi-static test results 
The stress-strain curves of concrete and SFRC specimens obtained from quasi-static compressive 
tests are presented in Fig. 3. It can be observed that the compressive strength is significantly 
enhanced when the fibre content is increased from 0% to 1.0% by volume. With a further increase in 
the fibre volume fraction to 1.5%, the compressive strength is only slightly higher whereas the 
Young’s Modulus is slightly smaller compared to those of the specimen with 1.0% fibre by volume. 
However, it can be seen that the post-peak load-carrying capacity of 1.5% SFRC is considerably 
higher than the other three specimens, indicating that a further improvement in energy absorption 
capability is achieved with the increase of fibre content in SFRC mixture. The corresponding strain 
energy density for plain concrete and SFRC specimens with 0.5%, 1.0% and 1.5% fibre volume 
fractions, respectively, are compared as shown in Fig. 4. 
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Figure 3: Stress-strain curves from quasi-static 
compressive tests 
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Figure 4: Comparison of strain energy density 
under quasi-static compression 
The average material properties under quasi-static compression and splitting tension tests of 4 
specimens are summarized in Table 2. 
 
Dry density Compressive strength Tensile strength Young's modulus 
Concrete 2201 kg/m
3
 35.5 MPa 2.02 MPa 28.29 GPa 
0.5% fibre 2229 kg/m
3
 40.56 MPa 2.37 MPa 28.95 GPa 
1.0% fibre 2247 kg/m
3
 43.25 MPa 2.87 MPa 29.76 GPa 
1.5% fibre 2286 kg/m
3
 44.16 MPa 2.98 MPa 29.13 GPa 
Table 2. Material properties under quasi-static loading 
3.2 Dynamic SHPB test results 
High strain-rate impact tests were conducted for plain concrete and SFRC specimens using 75 
mm diameter SHPB. Based on the theory of one-dimensional stress wave propagation, the equations 
below are used to calculate the stress, strain rate and strain of the specimen in SHPB test, 
respectively
12
. 
 
    		
                                                                           (1) 
                                                                                 (2) 
                                                                                  (3) 
 
where E, A and C0 are the Young’s Modulus, cross sectional area and elastic wave velocity of 
pressure bars; As and L are the cross sectional area and length of tested specimen; and εT and εR are 
the transmitted and reflected strain. 
 
It should be noted that it is valid to use the above equations only when the longitudinal stress in 
the specimen reaches the equilibrium state as will be discussed in Section 3.2.1. 
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3.2.1 Validity of SHPB tests- stress equilibrium 
The achievement of the longitudinal stress equilibrium is essential for a valid SHPB test. Eq. (4) is 
used to obtain the stress wave at the incident surface of the specimen in SHPB tests, which will be 
compared to the transmitted stress wave to check the stress equilibrium. 
 
                                                                                       (4) 
 
where σIS denotes the stress at the incident surface of the specimen, and σI and σR are the incident 
and reflected stresses, respectively. 
 
The highest strain rates achieved in SHPB tests are 177.3 1/s, 169.4 1/s, 184.8 1/s and 199.8 1/s 
for concrete, 0.5% SFRC, 1.0% SFRC and 1.5% SFRC specimens, respectively. Therefore signals 
from these four cases are used to check the stress equilibrium as shown in Fig. 5. 
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(a) Plain concrete (strain rate 177.3 1/s) 
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(b) 0.5% SFRC (strain rate 169.4 1/s) 
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(c) 1.0% SFRC (strain rate 184.8 1/s) 
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(d) 1.5% SFRC (strain rate 199.8 1/s) 
Figure 5: Stress equilibrium checks 
From Fig. 5, it can be seen that for the highest strain rates of all types of specimens, the stress 
equilibrium states are achieved, indicating the validity of the SHPB tests presented in this paper. 
3.2.2 Comparison of failure patterns 
The failure patterns of the specimens under the same impact are compared in Fig. 6. It can be 
observed that under high-rate impact, specimens with no fibre and 0.5% fibre additions were crushed 
into small pieces. When the fibre volume fraction is increased to 1.0% as shown in Fig. 6c, about 40% 
of the specimen remained intact after the impact while the fibre addition was able to hold a large 
fragment from the core. A further improvement of the toughness can be observed in Fig. 6d where 
more than 80% of the specimen with 1.5% fibre by volume remained intact even when the applied 
stress rate was 38% higher compared to the specimen made of plain concrete. The observation 
explicitly demonstrates that the toughness of the specimen increases with the fibre addition in the 
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concrete mixture. A fibre volume fraction of 1.0% is quite effective in reducing the fragment quantities, 
and the effectiveness can be further improved with the increase of fibre volume fraction. 
 
(a) Concrete (stress rate 1807 GPa/s) 
 
 
(b) 0.5% SFRC (stress rate 2198 GPa/s) 
 
 
(c) 1.0% SFRC (stress rate 2438 GPa/s) 
 
(d) 1.5% SFRC (stress rate 2496 GPa/s) 
Figure 6: Comparison of failure patterns 
The failure mechanism of SFRC is found to change with the strain rate. When the strain rate is 
relatively low, the failure mode is the concrete failure and the fibre debonding due to the concrete 
fragmentation as shown in Fig. 7a. When the strain rate is relatively high, failure of aggregates can be 
observed and fibres are found to be straightened or even rupture as illustrated in Fig. 7b. 
  
(a) 1.0% SFRC specimen, strain rate 91.4 1/s (b) 1.0% SFRC specimen, strain rate 145.2 1/s 
Figure 7: Comparison of failure modes of SFRC specimen at different strain rates 
3.2.3 Comparison of stress-strain curves and energy absorption 
To compare the capabilities in energy absorption, stress-strain curves of different specimens under 
different strain rates are derived from the testing data. Fig. 8 shows some typical cases with the strain 
rate around 75 1/s, 100 1/s, 135 1/s and 160 1/s. 
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(a) Strain rate 75 1/s 
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(b) Strain rate 100 1/s 
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(c) Strain rate 135 1/s 
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(d) Strain rate 160 1/s 
Figure 8: Comparison of stress-strain curves at different strain rates 
From Fig. 8 it can be seen that in general the capability of energy absorption and the maximum 
compressive strain that specimens reached are largely enhanced by the fibre addition, indicating the 
significant contributions of spiral steel fibres. In addition, when the strain rate is lower than 100 1/s 
(Figs. 8a, b), energy absorbed by specimens is effectively increased by the increase of fibre volume 
fraction from 0.0% (plain concrete) to 1.0%. The difference of the stress-strain curves between 1.0% 
SFRC and 1.5% SFRC is relatively insignificant. However, when the strain rate becomes higher as 
shown in Figs. 8c, d, the enhancement of energy absorption with increasing fibre volume fraction 
becomes much more prominent, i.e., the areas under the stress-strain curves of 1.5% SFRC are 
apparently larger than those of 1.0% SFRC. It is also interesting to note that the maximum strains that 
1.0% and 1.5% SFRC specimens reached are similar when the strain rate is lower than 100 1/s, 
whereas the maximum strains reached by 1.5% SFRC specimen are higher than those reached by 
1.0% SFRC specimen when the strain rate is higher than 100 1/s. To more clearly demonstrate the 
above observations, the absorbed strain energy densities of all types of specimens under different 
strain rate cases are derived and plotted in Fig. 9. The results indicate that when the strain rate is 
relatively low, 1.0% fibre content seems the optimal volume fraction for material design with the 
consideration of energy absorption and material deformability. When the strain rate becomes higher, 
increasing the volume fraction of spiral steel fibre is able to further improve the mechanical properties 
of material. 
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Figure 9: Comparison of strain energy density under different strain rates 
3.2.4 Rate effects on compressive strength 
The effect of strain rate on compressive strengths of all types of specimens is illustrated in Fig. 10. 
The dynamic increase factor (DIF) for compressive strength is calculated by the dynamic compressive 
strength normalized by the average static compressive strength of the same type of specimen listed in 
Table 2. The DIF can be used in design and analysis of spiral fibre reinforced concrete structures 
against dynamic loadings. From the figure, it is clear that the compressive strengths of all specimens 
are apparently sensitive to strain rate. Compared to the DIFs of plain concrete specimens, those with 
0.5% SFRC specimens show similar rate sensitivity. When the volume fraction becomes higher, the 
specimens are more sensitive to the strain rate. It should be noted that the inevitable lateral inertia 
confinement influences the dynamic strength of specimens under high-speed impact loadings and the 
influence of lateral inertia confinement becomes significant when the strain rate exceeds 200 1/s
13, 14
. 
Since the maximum strain rate achieved in the present study is lower than 200 1/s, the inertia effect is 
not considered. 
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Figure 10: Dynamic increase factor for compressive strength 
The curves in Fig. 10 denote the best-fit DIF relations for the compressive strength of SFRC 
specimens with different volumes of fibre contents, which can be presented in the following format. 
 
   !  "                     for     10%&/( )  ) *    (5a) 
  + !   !          for    * )  ) 200/(      (5b) 
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where A, B, C, D and E are constants while * denotes the transition strain rate, of which the values 
are listed in Table 3. 
 
 A B C D E * (1/s) 
Concrete 0.0672 1.2688 2.6418 -8.575 8.2551 64.8 
0.5% SFRC 0.0679 1.2716 1.2421 -2.8505 2.4951 63.6 
1.0% SFRC 0.0907 1.3628 1.8921 -4.7911 4.0877 58 
1.5% SFRC 0.1101 1.4404 5.5039 -18.587 17.319 50.7 
Table 3: Parameters and transition strain rates for Eq. (5) 
4 CONCLUSIONS 
A spiral-shaped steel fibre was recently proposed. Previous experimental tests demonstrated the 
superiority of this new fibre type in reinforcing concrete material to resist static and relatively low-rate 
dynamic loads. This study extends the previous work by performing high-rate SHPB experimental 
tests of dynamic compressive material properties of SFRC with spiral steel fibres. SFRC specimens 
with spiral-shaped steel fibres of 0.5%, 1.0% and 1.5% volume fractions were prepared and tested. 
Plain concrete specimens were also prepared and tested as control specimens for comparison. It is 
found that under static loads, the compressive and splitting tensile strengths, material ductility, post-
peak load-carrying capacity, and energy absorption capability of SFRC increase with the volume 
fraction of spiral fibres. Increasing the fibre volume fraction also effectively reduces the number and 
length of cracks and fragments, and greatly enhances the capability of energy absorption of SFRC 
material under high strain rate. DIFs of the material compressive strength show increasing sensitivity 
to strain rate with the increase of fibre volume fraction, and empirical DIF relations for dynamic 
compressive strength are derived based on the test results, which can be used to model DIF of spiral 
shaped SFRC structures to high-rate loadings. 
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